The locomotor roles of the myotomal muscles of fish are dependent on swimming speed. The mean maximum sustained swimming speed for coalfish (Gadus virens L.) during a 6-h period in an experimental exercise chamber was determined using a fixedvelocity technique and found to be 4 bodylengtbs/s. Biochemical measurements were made on the concentration of glycogen and lactate in the red muscle and white muscle at a series of known swimming speeds. Evidence is provided that red muscle alone is used at speeds below 2 bodylengtbs/s. The fall in concentration of red muscle glycogen was directly proportional to increased swimming speed. At speeds in excess of 2 bodylengths/s a statistically significant increase in lactate concentration occurred in the white muscle fibres. A reduction in glycogen content of the white muscle was also noted at speeds at and above the estimated mean sustained swimming speed. These results are discussed in the light of the current ideas pertaining to the division of labour between myo:tomal muscles in fish.
INTRODUCTION
In many species of fish two anatomically discrete muscle systems can be distinguished in the myotome. The bulk of the muscle mass (musculus lateralis profundus) is made up of white fibres, while the remainder, about 5-20% (musculus lateralis superficialis), consists of aerobic red fibres lying just underneath the lateral line. The differences between these two muscle types with respect to fibre diameter, ultrastructure, myofibrillar ATPase activity, innervation, blood supply, myoglobin content, and number of mitochondria is well documented (Barets, 1961; Bone, 1966; Walker, 1970; Johnston, Frearson & Goldspink, 1972; Patterson & Goldspink, 1972) . Although there are biochemical and morphological differences between the red and white muscles, the locomotor roles assigned to them will vary according to swimming speed. Bone ( 1966) has suggested that the red muscle is used for slow cruising speeds and the white muscle is used for short bursts of vigorous swimming. Braekken (1956) and Wittenberger (1968) , on the other hand, have suggested that red muscle has no independent locomotor role and primarily functions in supplying metabolites for the white musculature. It is clear however from electrophysiological evidence that the red muscle alone is used for swimming at certain low speeds (Bone, 1966; Rayner & Keenan, 1967) . It is also known from both electromyographical recordings (Bone, 1966) and biochemical measurements Black, Bosomworth & Docherty, 1966) that the white muscle is involved in providing the power required for short bursts of high-speed swimming. However. the relative contribution of the two muscle types at intermediate swimming speeds has not been established. There have been very few studies involving biochemical measurements of red and white muscles at known swimming speeds. In the experiments reported here the 'mean sustained swimming speed' for coalfish (Gadus virens L.) has been determined and measurements of glycogen and lactate made in the red and white muscles and liver at a series of known swimming speeds.
MATERIALS AND METHODS
Coalfish (Gadus virens L.) were kept in tanks,of circulating sea water regulated to 6.8 :to.8 °C at a density of 12 fish to a 10o-gal tank. They were held for 1 week before experimentation and fed on a daily diet of chopped Mytilus and fish flesh, until food was no longer readily taken. The fish were not fed on the day preceding experimentation.
Swimming tests
Fish of approximately uniform length (17-21 cm) and of both sexes were selected for the exercise experiments. Exercise was carried out in a flume of a similar design to that of Walker (1971) . The swimming chamber consisted of a trough 2'42 m long and 25 x 25 cm in cross section, through which water could be moved at speeds ranging from 15 to 100 cm/sec. Turbulence was reduced by means of a series of silk screen filters in the stilling tank and the trough. Variation in water speed was obtained by means of valves on the two electrical pumps circulating the water and by altering the height of the weir at the end of the trough. The rate of water flow was calculated using a calibrated Miniflow velocity probe (George Kent (Stroud) Ltd) and by introducing dye particles into the stilling tank of the flume and measuring the time taken for the particles to travel through a known length of the trough.
A total of 117 coalfish were used to determine the maximum sustained swi~ing speed for the time period of the experiment. Fish were exercised in small groups for 360 min at a series of fixed velocities after an introductory period of 25 min at low velocity (20 cm/s) followed by a further 5 min at an intermediate velocity .Coalftsh were found to be well suited to experimentation in the flume, and within a few minutes ofint\"oduction at low speed (20 cm/s) they settled down to steady swimming until either the test was completed or they became fatigued. Fish that were repeatedly swept to the barrier at the end of the flume were removed so as not to obstruct the water flow. The lengths and weights of the fish were recorded together with the percentage that had fatigued at a given swimming speed.
Biochemical analysis
Numerous studies have shown the rapidity of post-mortem changes in fish (Tomlinson & Geiger, 1962) and consequently quick-freezing techniques were employed to arrest metabolism in both the exercised and non-exercised fish. This also reduces the chances of recovery from exercise which may occur if the fish are anaesthetized or killed in some other way. The treatment of fish before they are killed is extremely important as violent exercise results in a rapid production of lactate in the white muscle (Black, Robertson & Parker, 1961) . Only fish that had successfully completed the exercise without fatiguing were used for analyses. Fish to be used for biochemical analysis were removed at the end of the swimming period and plunged into liquid Freon at -160 °C (Arcton 12, I.C.I.).
It has been shown that the levels of glycogen and lactate rise towards the tail in rainbow trout , so it was decided for the present work to sample the myotome always from the region underneath the second dorsal fin. All muscle samples were obtained from the fish while still frozen. Care was taken to exclude external myocommata and to obtain homogeneous samples of the two types of muscle. Liver samples were always dissected from the same point at the anterior portion of the liver. Mter excision, muscle and liver samples were immediately placed in liquid nitrogen ( -170 °C) and stored in a chest of solid carbon dioxide ( -45 °C) until analysis. Glycogen was precipitated from the samples by the method of Seifter et al. (1949) and aliquots of the precipitated glycogen were analysed by the anthrone method of Carroll, Longley & Roe (1956) .
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Lactate was extracted with 5 % perchloric acid by a freeze-grinding technique, and assayed colorimetrically by the method of Barker & Summerson (1941) . All assays were performed in duplicate.
RESULTS
The results of swimming tests made on a total of 117 coalfish ( Gadus virens L. ) are summarized in Fig. 1 and Table 1 . The relationship between swimming speed (bodylengths/s) and percentage fatigue was found to have the sigmoid form of a dosageresponse curve (Finney, 1971) . The 'mean maximum sustainable speed' for the time of the experiment was determined from the point at Which 50% of the fish fatigue (Brett, 1967) . Probit analysis was applied to the data using the method of Finney (1971) . The 50% fatigue level was obtained from the computed probit line and found to be 4 bodylengths/s. The concentrations of glycogen and lactate found in the red muscle, the white muscle and the liver of non-exercised and excercised coalfish are given in Table 2 and Figs. 2, 3 and 4. The level of glycogen in the non-exercised red muscle was approximately 5 times higher than in the white muscle. However, there was little difference in the lactate concentrations. The liver lactate concentration was significantly lower (P < 0'002) than in either of the two myotomal muscles. On forced swimming, the glycogen content (Fig. 2 ) of the red muscle was found to fall at speeds both above and below the' mean maximum sustainable speed' determined for the experiment. The reduction in glycogen content showed a direct relationship to swimming speed although the relationship was not linear .As seen from Fig. 2 , the more rapid decrease in glycogen concentration occurred between speeds of 2 and 3 bodylengths/s. The largest decrease was found at the maximum swimming speed and was found to be in the region of 87%. On the other hand, the glycogen concentration in the white muscle of exercised fish did not differ significantly from that of non-exercised muscle except at the higher swimming speeds (P < 0.05). At the highest speed tested (4062 bodylengths/s) the glycogen level was 131 :t 24 mg/100 g muscle, which represents a drop of 52°4% from the non-exercised condition (P < 0°02) (Fig. 2) . Liver glycogen concentration was found to fall at the higher swimming speeds and to reach its lowest concentration, 1204 :t 219 mg/100 g tissue, at the highest speed tested. This represents a decrease of 6607% compared with non-exercised values (P < 00001 ).
The lactate concentration in the white muscle of exercised fish was significantly different from controls at all but the lowest swimming speed studied (P < 0°01)0 The maximum value reached at 4.62 body-lengths/s was 239.8 :t 4502 mg/100 g muscle. (Fig. 3) ; an increase of 278%. Thus lactate increased at both low and high sustained swimming speeds. There was no discernible trend in the lactate concentrations of the red muscle with increased swimming speed (Fig. 3)0 The changes in liver lactate due to swimming are shown in Fig. 4 . From this figure it will be seen that only at the two highest swimming speeds are there significant elevations in liver lactate levels (P < 0.01. p < 0°001).
DISCUSSION
The concentrations of glycogen and lactate in the red and white muscles and liver of the coalfish (Gadus virens) as obtained in the present study are similar to those found in other teleost fishes (Beamish, 1968; Fraser et al. 1966; Pritchard, Hunter & Lasker , 1971) . In this study it was found that for the coalfish (Gadus virens) there was approximately 5 times the concentration of glycogen in the red muscle as compared to the white muscle. A similar ratio is reported by Pritchard, Hunter & Lasker (1971) for the Jack mackerel (Trachurus symmetricus), though this is ~onsiderably higher than the 2-times difference reported by Bone ( 1966) for the dogfish. The' resting level' of lactate was found to be similar for the two myotomal muscle types as was also found for nonexercised Gadus morhua by Fraser et al. (1966) .
On the basis of electrophysiological recordings made on swimming fish, Bone ( 1966) , Rayner & Keenan (1967) , and Roberts (1969) , have provided evidence that at 'low' swimming speeds the red muscle only is active, whereas during' vigorous' swimming the white fibres are active. It is difficult to judge the locomotor roles of these muscles at intermediate and high swimming speeds on this basis, as the recorded action potentials from the white muscles tend to mask the electrical activity of the red muscles. Few experiments have been conducted on the biochemistry of these muscles during swimming. In a series of experiments on spinal dogfishes Bone (1966) measured glycogen and fat in the red and white muscles of fish subjected to periods of' slow' and' vigorous , swimming. On the basis of these results and a review of the literature Bone (1966) has suggested that the red muscle is used during the cruising situation whilst the white muscle is used for bursts of vigorous activity, and that the two muscle types may constitute functionally independent motor systems. A somewhat different view of the function of red and white muscles is put forward by Braekken (1956) , Wittenberger & Diaciuc (1965) and Wittenberger & Vitca (1966) . These authors support a much greater functional interdependence of the two muscle types. They suggest that the primary function of the red muscle is the production of metabolites for oxidation in the white muscle. Other authors, Smit et al. (1971) on the basis of a study on the oxygen consumption and efficiency of swimming of goldfish ( Carassius auratus) and Pritchard, Hunter & Lasker ( 1971) on the basis of biochemical measurements, have concluded that both red and white muscle fibres are used simultaneously over a wide range of swimming speeds..
In the experiments described in this study, glycogen and lactate were measured after sustained swimming in an experimental exercise chamber. The' mean maximum swimming speed' for the time of the experiment was determined from a probit estimate of the velocity at which 50% fatigued. For the 360-min test period adopted the maxi-. mum swimming speed was found to be 4 bodylengthsfs. This is the same result as was obtained by Brett (1967) for fingerling sockeye salmon (Oncorhynchus nerka) during a.
300-min test period.
It is difficult to compare the biochemical analyses made on swimming fish (Table 2 )' with those of other studies, as in the majority of these the intensity and extent of the. exercise is unknown. With the exception of the lowest swimming speed tested, there was: a significant difference (Table 2) in the concentration of glycogen occurring in the red muscle between the exercised and control groups. During sustained swimming the concentration of glycogen decreased with increased swimming speed. These findings are consistent with the qualitative findings of Bone (1966) mentioned above. The glycogen concentration in the white muscle of fish exercised at the higher swimming speeds in this study was significantly lower than that of the non-exercised group (Table 2, Fig. 2 ). The greatest decrease in the glycogen concentration of the white fibres was 52% at the highest speed tested. Similar reductions in white muscle glycogen during high-speed sustained swimming have been noted in a number of species Beamish, 1968; Pritchard, Hunter & Lasker, 1971 ). There are a number of puzzling features concerning the glycogen content and glycolysis in fish myotomal muscle. For example the level of glycogen in the red muscle is higher than in the white muscle (Bone, 1966; Pritchard, Hunter & Lasker, 1971 ) and yet the levels of many glycolytic enzymes are higher in the white muscle (Hamoir et at. 1972) .
The situation regarding the lactate levels was somewhat different from that of the glycogen. In the white muscle the level of lactate increased at all but the lowest swimming speed tested. It is known from histochemical studies that the fibres of the white muscle are anaerobic in metabolism (George & Bokdawala, 1964) so that the increase in lactate found at speeds as low as 2 bodylengths/s suggests that the white fibres operate even at low speeds. At these low speeds there is no depletion of white muscle glycogen but this may be due to replacement from other sites such as liver or red muscle.
The levels of lactate in the red muscle, on the other hand, showed no distinct trend with increase in swimming speed. Similar results were obtained by Pritchard, Hunter & Lasker (1971) for the Jack mackerel except at very high speeds where there was a significant increase over controls. It has been suggested by Braekken (1956) and Wittenberger & Diaciuc (1965) that the red muscle is able to catabolize lactate from the white muscle. This remains a possibility, as human heart muscle is known to oxidize lactate from the blood (Bing et at. 1963) .
Glycogen concentration in the liver fell consistently with increased intensity of exercise as it was mobilized for use in the swimming musculature. The level of liver lactate shows an increase over controls at the two highest speeds (P < 0.01, p < 0'001 respectively). Similar increases in liver lactate during periods of 'moderate' and , strenuous' exercise have been reported for several salmonid species (Black, Robertson & Parker, 1961 , Stevens & Black, 1966 .
The results obtained in this study are consistent with the view that red muscle alone is used at very low swimming speeds. In fish swimming for 6 hat speeds below 2 bodylengths/s there was no significant increase in lactate concentration in the white muscle relative to non-exercised fish. It is probable that under these conditions the fish are able to meet their energy demands by the aerobic metabolism of the red musculature. At higher swimming speeds the extra work imposed on the fish requires the deployment of increasing numbers of white fibres, causing a build-up in lactate concentration in the muscle. The' mean maximum sustainable speed' for the time of the experiment was found to be 4 bodylengths/s. From Figs. 2 and 3 it can be seen that at this swimming speed there is evidence for the operation of both red and white muscles. In the white muscle the concentration of lactate has risen hv ahmlt ?nn 0/-JI"~ thp rn"rpntr"t;nn nf' lycogen has fallen to around half that of fish swimming at 1'6 bodylengths/s, Thus it would appear from these results that the red muscle fibres are used proportionally more at lower swimming speeds, and as the fish increases its speed increasing numbers of white fibres are brought into operation, This work was supported by a research grant from the Natural Environment Research Council. One of the authors (I. A. J .) was also in receipt of a S.R.C. Research Studentship.
